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ABSTRACT
Over the last decade, the costs of PV system components have dropped more than 70%.
Additionally, green energy incentives like the 30% tax credit have been pushed forward. PV
solar systems have become accessible to the general public. Companies are pledging to reduce
their carbon emissions.
As part of their green initiative, the City of Fayetteville has requested a feasibility study
for a PV system to be installed on the rooftop of the Facilities Management building, 115 S.
Church Ave, Fayetteville, AR, 72701. This thesis shows the design process of this PV system
and the return on investment estimation. While the system would not be expected to generate
large revenue, for the purpose of carbon emission reduction it is feasible.
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CHAPTER 1 - INTRODUCTION
The ever-increasing demand for eco-friendly energy sources and the consistent decline of
solar photovoltaic (PV) costs have been the driving force behind the growth in solar capacity [1].
In 2018, 10.7 gigawatts direct current (GWdc) of solar PV capacity were installed in the U.S. and
by the end of 2021, the solar PV capacity is forecast to increase by 28.2 GW dc [2]. Commercial
and utility PV systems are expected to hold the largest share of annual installations in the
upcoming years since over 100 American companies have committed to reducing their carbon
emissions [2], [3].
PV systems have the advantage of being one of the most inconspicuous and adaptative
green sources. There is not a limit of how little energy a PV system can produce, though the
NREL classifies PV systems as residential starting from 3 kW dc [4]. Utility-scale systems
generate over 2MWdc of power [4]. The generated power (GWdc) must be converted to AC
power since standard distribution systems work with AC electricity [5].
PV systems may be off-grid with batteries, grid-interactive and grid tied. These
interconnection methods depend on how much energy the system will produce and the incentives
available. The average lifespan of PV modules is 25 years [6]. Many modules have long-term
guaranties that should be considered when selecting a model.
The purpose of this thesis is to explore the characteristics of solar PV systems as well as
their implementation. In order to show the working principle of the solar PV system, the I-V
characteristics of a solar cell of the TSM-330 PD14 solar module will be obtained using
MATLAB. A complete solar PV system will be designed for a building and a feasibility report
will be conducted.
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1.1. Thesis Organization
This thesis is divided into the following chapters:
 Chapter 1 – Introduction: Motivation of the project are presented here.
 Chapter 2 – Background: Literature review of the characteristics of Solar PV systems and
information about the selected components for the solar PV system are included in this
chapter.
 Chapter 3 – Solar Cell I-V Characteristics: The results of the MATLAB Simulation of the
TSM-330 PD14 solar cell are shown.
 Chapter 4 – Solar PV System Design: This chapter describes the solar PV system design
process and the feasibility study.
 Chapter 5 – Results and conclusions: The MATLAB simulation results and the feasibility
study findings are discussed.
The MATLAB source code for the solar cell I-V characteristics, the solar PV system
drawing set and a bill of materials with links to the datasheets are annexed as Appendices.
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CHAPTER 2 - BACKGROUND
2.1. Solar PV Basics
The basic building block of a solar panel is the solar cell. Several low voltage PV cells
(~0.5 V) connected in series (to produce high voltage) and in parallel (to produce high current)
form a module [7, p. 480]. While solar panels are comprised of multiple modules, the terms solar
module and solar panel are often used interchangeably. Panels connected in parallel-series
configurations form arrays as shown in Fig. 1.
A solar cell is a forward biased PN junction diode. It works in response to the voltage
generated in exposure to visible radiation [8, p. 294]. To obtain the I-V curve generated from a
single cell, it can be modeled as a current source. A diode is attached across the terminals of the
current source to construct the equivalent circuit [9, p. 1483]. When the solar cell is exposed to
light, its behavior can be modeled as:
𝐼=𝐼
where, 𝐼

−𝐼

is the photogenerated current and 𝐼 is the Shockley diode equation.

Figure 1. Building blocks of a solar PV system [10].

(1)
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The I-V characteristic of the ideal PV cell is:
𝐼=𝐼

,

−𝐼

,

𝑒𝑥𝑝

𝑞𝑉
−1
𝛼𝑘𝑇

(2)

where T is the temperature in °𝐾 and 𝐼 is the inverse saturation current of the diode. The ideality
or quality factor α represents how closely a diode follows the ideal diode equations [9, p. 1483].
Since the thermal voltage 𝑉 =

, (1) can be expressed as:

𝐼=𝐼

− 𝐼 𝑒𝑥𝑝

𝑉
−1
𝛼𝑉

(3)

The ideal model (3) does not address issues such as power loss and contact characteristics
of the cell [9, p. 1483]. Moreover, non-ideal conditions like small current transmission in short
circuit events are not covered by the model. Other parameters must be considered in (2) and (3)
to represent a physical array more accurately:
𝐼=𝐼

− 𝐼 𝑒𝑥𝑝

𝐼=𝐼

𝑞(𝑉 + 𝑅 𝐼)
𝑉+𝑅 𝐼
−1 −
𝛼𝑘𝑇
𝑅

(4)

𝑉+𝑅 𝐼
𝑉+𝑅 𝐼
−1 −
𝛼𝑉
𝑅

(5)

− 𝐼 𝑒𝑥𝑝

A practical PV module has a parallel resistance and a series resistance. The parallel
resistance 𝑅 is large and has a stronger than the series resistance 𝑅 influence in the current
source region of operation [7, p. 72]. 𝑅 is very small with a larger influence when the device
operates in the voltage source region [7, p. 72]. Consequently, the assumption 𝐼
used when modeling PV devices.

≈𝐼

may be
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Figure 2. Ideal vs. Actual PV module [11, p. 296].
The approximate analytical solution for 𝑅 at standard test conditions is given by [12, p.
2909]:

𝑅 =

𝑉
𝐼

−

(2𝑉 − 𝑉 )/(𝐼 − 𝐼 )
ln(1 − 𝐼 /𝐼 ) + 𝐼 /(𝐼 − 𝐼

(6)
)

The values of the nominal short-circuit current (𝐼 ), the open circuit voltage (𝑉 ), the
voltage at the MPP (𝑉 ), the current at the MPP (𝐼

), the open-circuit voltage/temperature

coefficient (𝐾 ), the short-circuit current/temperature coefficient (𝐾 ), and the maximum
experimental peak output power (𝑃

,

) are defined in the PV array datasheet [7, p. 72].

The photogenerated current is temperature and solar radiation dependent as shown by:
𝐼
where, G is the real solar radiation

=

𝐺
𝐺

𝐼

,

+ 𝐾 (𝑇 − 𝑇 )

and 𝑇 is the actual temperature [11, p. 297]. 𝐺 is the

solar radiation and 𝑇 is the cell absolute temperature, photocurrent in standard test conditions
[11, p. 297].

(7)
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Figure 3. Solar array model [5, p. 297].
The saturation current of a junction diode is also temperature-dependent as shown by:

I =I

where, I

,

,

×

𝑇
𝑇

× 𝑒𝑥𝑝

𝑞𝐸
𝛼𝑘

1 1
−
𝑇
𝑇

(8)

is the diode saturation current in standard test conditions and 𝐸 is the band-gap of the

cell semi-conductor (eV) dependent of the cell material [11, p. 297].
Considering that modules are composed of several cells with the same characteristics
arranged in parallel-series configurations, their equivalent circuit can be represented as in Fig. 3
[11, p. 297]. Ns is the number of cells in series and Np is the number of cells in parallel.

Figure 4. Block diagram of a grid-connected photovoltaic system.
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2.2. PV Systems and Grid Protection
PV systems generate DC electricity. However, there are significant discrepancies
between the power generated by solar modules and the public electrical utility (grid)
interconnection requirements [7, p. 103]. Since the grid system, and nearly every home
electronic device, is designed to work with AC electricity, dc-ac converters (also known as
inverters) must be included in the power conditioning system [5]. Fig. 4 shows a block diagram
of a grid-interactive PV system.
Different types of inverters produce different “quality” electricity [7, p. 103]. Whereas
simple devices like light bulbs can use low-quality electricity, sensitive electronic equipment like
computers cannot handle much power distortion [13]. Power conditioning transforms the
constant DC power into oscillating AC power with a 60 Hz frequency, ensures that the AC sine
wave is smooth, and limits output power fluctuation [5].
AC distribution systems in buildings can be single-phase or three-phase. Three-phase
inverters can be used in small scale as well as in large-scale solar PV systems, up to 50kW per
inverter. However, they need external transformers in the conditioning stage. Single-phase
inverters diminish the overall cost of the system since they get rid of the need for transformers.
However, most of these inverters have a 5kW~7kW output, which is the average residential PV
size.
A generic inverter control schematic is shown in Fig. 5. It uses a phase lock loop (PLL)
to synchronize to the grid. By deriving the grid phase and frequency through a closed loop
control system, the inverter operates in a “grid following” fashion [14, p. 19].
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Figure 5. Inverter control schematic [15].
Generally, for grid-interactive systems, the interconnection process involves the utility
provider, which verifies that the designed system complies with its technical and administrative
requirements [16, p. 3]. Correspondingly, during the permitting process, the Authority Having
Jurisdiction (AHJ) verifies that the system is compliant with the National Electrical Code (NEC),
IEEE SCC21, fire code or any other applicable standards [17, p. 8].
2.3.

Selected Components
The National Electric Code (NEC) 2017 guidelines were considered in the design of this

system. Article 690 deals with solar photovoltaic (PV) systems while article 705 oversees
interconnected electric power production sources requirements. The design is also compliant
with section 1204 of the International Fire Code (IFC) 2018 regarding solar photovoltaic power
systems. The first two components chosen for the solar PV system were the inverter and the solar
module models. The procedures to select these components are explained in Section 4.2. After
determining the number of solar modules that can be fitted onto the rooftop and identifying the
modules and inverters to be used, the system’s ratings and string size and number can be
calculated. The values needed for these calculations are shown in tables 1, 2, and 3.
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TABLE 1. SELECTED MODULE DATA FROM DATASHEET [18]
TSM-330 PD14
Peak Power Watts (Pmax)

330Wp

Maximum power voltage (VMMP)

37.4 V

Maximum power current (IMMP)

8.83 A

Open circuit voltage (VOC)

45.8 V

Short circuit current (ISC)

9.28 A

Temperature coefficient of Pmax (TCPmax)

-0.41%/K

Temperature coefficient of VOC (KV)

-0.32%/K

Temperature coefficient of ISC (KI)

0.05%/K

TABLE 2. SELECTED INVERTER DATA FROM DATASHEET [19]
Fronius Primo 15.0-1
Maximum output power

15000 W

Maximum input voltage

1000 V

Operating voltage range

80 V – 1000 V

MPP voltage range

320 V – 800 V

Max. usable input current

51 A

Max. continuous output current
Output configuration

62.5 A
1~NPE 240 V

Nominal operating frequency

60 Hz

TABLE 3. RELEVANT TEMPERATURES IN FAYETTEVILLE, AR [20]
Temperatures
Record low temperature in 72701 (Tmin )

-28°C

245.15 K

Record high temperature in 72701 (Tmax)

43°C

316.15 K

Temperature adjustment for installation method (T add)

30°C

303.15 K

Temperature at standard test conditions (TSTC)

25°C

298.15 K

Module temperature coefficient (TKVmp)

-0.41 %/K
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2.3.1 String Sizing
To calculate the maximum string size (number of modules in series), the maximum input
voltage of the inverter is divided by the maximum open circuit voltage corrected for the site
lowest temperature expected as shown:
Module V

=V

× 1 + KV × (T

Maximum string size =

(9)

− 25°C)

Inverter V
Module V

(10)

The minimum string size is also temperature sensitive. The minimum voltage of the
inverter (Vmin) can be chosen either as the inverter minimum operating voltage or the inverter
minimum MPP voltage. Selecting the inverter minimum MPP voltage ensures that the Maximum
Power Point Tracking works properly [21].
Module Vmp

= Vmp × 1 + (T

Minimum string size =

+T

−T

)×

Inverter V
Module Vmp

TK
100

(11)

(12)

2.3.2 System Ratings and Other Measurements
The feeder size depends on the solar PV system rated AC output current multiplied by
1.25 per NEC sections 690.8(A)(1) and (2).
Rated AC output =

Inverter max. output power
Inverter Voltage

Feeder size = Rated AC output × 1.25

(13)

(14)
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The system ratings depend upon the string size and the number of strings and should be
clearly labeled as shown in the signage sheet found in Appendix B.
Rated MPP current = I

× # strings

(15)

Rated MPP voltage = V

× string size

(16)

Max. system voltage = 𝑀𝑜𝑑𝑢𝑙𝑒 V
Short circuit current = I

× string size

× # strings

(17)
(18)

Per NEC 690.8 (A)(1), 690.8 (B)(1) and 690.9 (B), the DC disconnect rating is calculated
as follows:
Circuit Ampacity = I

× 156%

(19)

Per NEC 690.8 (A)(3), 690.8 (B)(1) and 690.9 (B), the AC disconnect rating is calculated
as follows:
Circuit Ampacity = Max. continuous output current × 125%

(20)
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CHAPTER 3 – SOLAR CELL I-V CHARACTERISTICS
The characteristic curves of the TSM PD14 solar module were obtained using (1) – (8) and the
information from the datasheet. The MATLAB code can be found in Appendix A. Fig. 6 shows
the temperature-dependent curves. The module has a peak output power of 313.9W with a 36.3
V at 25°C. At 25, its VOC is 45.79 V. These values agree with the data from the datasheet. The
curves show that the current and power generated are inversely proportional to the temperature.

Figure 6. Temperature dependent I-V and P-V curves.
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Fig. 7 shows the irradiance dependent curves. As expected, the module performed much
better under 1000 W/m2.

Figure 7. Irradiance dependent I-V and P-V curves.
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CHAPTER 4 – SOLAR PHOTOVOLTAIC (PV) SYSTEM
PV system design considerations along with possible PV solutions are presented in this
chapter. The electrical distribution system in the Facilities Management building, 115 S. Church
Ave, Fayetteville, AR, 72701 has been analyzed and the space available for the system has been
assessed. After evaluating the solar PV system requirements and the constraints of the existing
electrical distribution system, a solar PV system was designed. Moreover, a feasibility study of
the solar photovoltaic (PV) project was conducted to identify the project's economic viability in
this location.
The complete set of drawings for the design was constructed to scale to be printed in 11”
x 17” paper and is included as an appendix. These drawings are for feasibility studies only and
shall not be used for construction. Additional information can be found on Solar PV Notes on
PV-1 Appendix B.
4.1

Solar PV Roof Plan
In the solar PV roof plan drawing, 2 inverters and 90 PV modules were located on the

rooftop. Each inverter was connected to 3 strings of 15 modules and to a wall mounted AC
disconnect. All of the obstructions were labeled. The distances were signaled. Finally, the
approximate location of the electrical room was marked. This drawing can be found on PV-3 in
Appendix B.
The first part of the site survey involved locating the electrical room and identifying the
equipment in it. Then, the rooftop was measured, and all obstructions were located. The as-built
drawings of the building were requested in order to double check the measurements. The rooftop
was drawn to scale in AutoCAD.
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4.1.1

Panel Layout
The keep-outs were identified on the rooftop drawing. The IFC in 1204.3.1 stipulates that

there shall be a minimum of 6 ft wide clear perimeter around the edge of the roof. This clear
perimeter can be reduced to a minimum of 4 ft for buildings which either axis is 250 ft or less.
Fig. 14 shows the rooftop drawing with the obstructions marked as hatched rectangles. The
modules are represented by rectangles of 6’ 5” x 3’ 3” each.
In this design, there is a minimum of 6 ft of clear perimeter around the edges of the building and
the obstructions. This is done to provide safe access to workers and avoid shading from the
obstructions. Moreover, the number of modules is limited to 90 modules to generate an
approximate of 30kW of power.
4.1.2 System Sizing
The building only has a single-phase AC power system and does not have a main
distribution panelboard. Two distribution panelboards, DP-100 and DP-200, are found on site.
Both have 225A main breakers and are connected to many loads. The feeder size of a 30kW PV
system needed to connect to one of the distribution panelboards is calculated using (12) and (13):

Rated AC output =

30kW
= 125 𝐴
240 V

Feeder size = 125 𝐴 × 1.25 = 156.25
If connected to a single distribution panel, a 30-kW solar PV system could generate up to
125 A and the feeder must be rated at 156.25 A. In combination with the existing loads, a 125 A
current would overload the bussing rated at 225 A. Consequently, the 30-kW system is divided
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into two 15-kW independent systems to be each connected to one of the distribution panels. The
AC output for each of the systems would be:

Rated AC output =

15kW
= 62.5𝐴
240 V

Feeder size = 62.5 𝐴 × 1.25 = 78.125 𝐴
The maximum number of 330 W PV modules that can be connected to the 15kW rated
inverter is:
15kW
= 44.78 modules
330W
45 modules × 330 W = 14850 kW
To calculate string size, (9), (10), (11) and (12) are used:

Module V

= 45.8 V × 1 + −0.32 % K × (245.15 K − 298.15 K)

Maximum string size =

ModuleVmp

1000 V
53.567 V

= 18.67 modules

= 37.6 V × 1 + (316.15 K + 303.15 K − 298.15 K) ×

ModuleVmp

Minimum string size =

= 53.567 V

= 37.10 V
320 V
= 8.62 modules
37.10 V

−0.41 %/K
100
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The string size and the number of strings should be homogeneous to avoid system power
loses because of voltage and current mismatch. Consequently, it was decided that the system
would be as shown:
45 modules → 3 strings → 15 modules each

Figure 8. Rooftop drawing with strings and inverter locations.
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4.2

Interconnection
As stated in 4.1.2, the PV system was split into two smaller PV systems with nearly

identical characteristics. The only design difference between the systems is that string #2, which
is connected to inverter #1 has 2 DC disconnects. The three-line power riser diagram (PV-1.1
and PV-1.3 on Appendix B) and the single-line power riser diagram (PV-1.2 and PV-1.4 on
Appendix B) show the arrangement of the PV systems.
The wires rated at ~78.125 A (feeder size) were chosen following NEC guidelines:
3#10,
Gauge Size
Table 310.15 (B)(16)

#8G,
Grounding Conductor
Table 250.122

1 ¼” C
Maximum # of Wires in EMT
Table C1 from Appendix C

The riser diagram notes on PV-1.1 and PV-1.3 provide guidance on the design
characteristics and the installation process. The information below was taken from the original
riser diagram notes in PV-1.1 and edited for clarity. The three-line riser diagram is shown
through three snippets. Each riser diagram note entry is appropriately labeled in their respective
figure. Fig. 7 shows the distribution panel board interconnection and includes items 1-4 of the
notes. Fig. 8 shows the AC disconnects and items 5 and 6. Fig. 9
DP-100 has over 30 existing circuit breakers and DP-200 has over 40 existing circuit
breakers. Due to the limited amount of space in the drawings, only 5 circuit breakers are shown
in each of the panelboard drawings. The distribution panelboard drawings and circuit breakers in
the riser diagrams are for reference purposes only.
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Figure 9. Line-side interconnection - Three-line riser diagram.
1.

All existing circuit breakers in panelboard to remain.

2.

Install grounding wire on the AC side of the inverter and connect back to existing

grounding electrode of the existing main electrical service.
3.

Contractor to provide a line side interconnection in the distribution panel, DP-100 by

tapping a lug box. All lugs shall be torqued to manufacturer specifications
4.

Provide cable limiters on each phase conductor as specified in the PV equipment.

schedule or approved equal. Connect cable limiters on the line side of the 225A circuit breaker.
The AC disconnect rating given by (20) is:
Circuit Ampacity = 62.5 A × 125% = 78.125 A
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Figure 10. AC disconnect - Three-line riser diagram.
5.

Install an AC disconnect as indicated in PV equipment schedule or approved equivalent.

AC disconnect shall be accessible and utility-lockable in the open position and have provisions
for both utility and customer padlocks. Provide a spare set of fuses inside the AC disconnect
enclosure. Contractor to provide lug kit(s) as required for connection of AC combiner panel
feeders to load side of the disconnect switch.
6.

Install CT's around feeders in the ac disconnect switch. Install 3/4" conduit from AC

disconnect switch to the main electrical room and terminate in a junction box. Splice the CT lead
wires to the twisted pair of a single CAT5 cable. Extend the CAT5 cable from the CT splice to
the electrical room and into the junction box. Label junction box, 'solar grid point'.
The DC disconnect rating given by (19) is:
Circuit Ampacity = 9.28 A × 156% = 14.48 A
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Figure 11. Inverter, production meter, irradiance meter - Three-line diagram.
7.

Solar PV array string feeders routed through the conduit.

8.

Install inverter as indicated in the solar PV equipment schedule. Refer to the inverter

information table for additional information.
9.

Install #10 DC equipment grounding conductor and bond to all PV array frames, racking,

and module frames.
10.

Mount inverter on the racking system.

11.

Install a speed wire-type cable and conduit between the inverter and all-in-one deck

monitor.
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12.

Install CAT5 cable and conduit between the all-in-one deck monitor and the local internet

service.
13.

4.3

Install DC disconnect as indicated in PV equipment schedule or approved equivalent.

Other drawings
The electrical room and the construction document drawings are also included in Appendix

B. These drawings show the approximate location of the existing equipment and the approximate
location for the new equipment. They also provide instructions for equipment installation. The
ratings of the solar PV system must be included in the signage sheet. To calculate these ratings
(15), (16), (17) and (18) were used.
Rated MPP current = 8.83 A × 3 strings = 26.49 ADC
Rated MPP voltage = 37.4 V × 15 modules = 561 VDC
Max. system voltage = 53.567 𝑉 × 15 modules = 803.5 VDC
Short circuit current = 9.28 A × 3 strings = 27.84 ADC
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CHAPTER 5 – FEASIBILITY REPORT
Fig. 12 and table 4 show the expected energy production under semi-ideal conditions.
The system was assumed to be off-grid. The values on the “output” column were used to
calculate the return on investment time.
TABLE 4. ENERGY PRODUCTION
Month

GHI

POA

Shaded

Nameplate

Output

(kWh/m2)

(kWh/m2)

(kWh/m2)

(kWh)

(kWh)

January

75.1

91.4

91.3

2,539.5

2,292.5

February

85.7

98.4

98.4

2,750.9

2,472.8

March

127.3

138.9

138.9

3,907.7

3,328.5

April

160.2

167.3

167.3

4,726.1

3,975.7

May

167.1

169.2

169.2

4,773.9

3,905.8

June

184.8

184.9

184.9

5,223.2

4,217.1

July

211.8

213.7

213.7

6,044.3

4,729.5

August

186.9

193.5

193.5

5,470.6

4,269.8

September 144.5

156.1

156.1

4,402.2

3,584.7

October

135.1

135.1

3,789.3

3,196.7

November 81.5

98.0

98.0

2,732.9

2,384.8

December

87.2

87.2

2,418.1

2,190.3

118.4
69.8

The PV solar system is expected to cover almost 65% of the annual electricity bill. These
calculations were made based on the consumption and billing history of the Facilities
Management Building. The exact meter demanded energy and bill amounts provided by the
utility company are confidential. Any inquiries regarding this information may be addressed to
the City of Fayetteville Sustainability Office.
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Figure 12. Monthly energy production (kW/h).
TABLE 5. HELIOSCOPE PROJECTIONS
Month

Power Generated

Monthly Energy

(kW)

Saved

December

2190.9

$185.07

November

2385.6

$202.85

October

3197.8

$274.66

September

3586.2

$346.50

August

4271.8

$423.51

July

4731.8

$452.96

June

4219

$423.36

May

3907.4

$411.81

April

3977.4

$369.57

March

3329.8

$306.01

February

2473.5

$228.42

January

2293.1

$205.76

Yearly Money Saved

$3,830.49
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TABLE 6. ESTIMATED COSTS AND RETURN ON INVESTMENT
Component

Description

Single-phase
Inverter

Fronius Primo
15.0-1,
15000W
TSM-PD14,
330W Framed
72-Cell
DH163URKN
HD Safety
Switch
LFCL0003ZC1
, 240V
DH223NRK,
240 V, 100 A
KTS-R-100,
240 V, 100 A

Wholesale Solar

2

$3,545.00

Total
Item Cost
$7,090.00

Trinasolar

90

$275.00

$24,750

SuperBreakers

2

$553.20

$1,106

Gordon Electric
Supply
Westway Electric
Supply
Octopart

6

$241.00

$1,446

2

$408.66

$817

6

$151.00

$906

Encore Wire

WireandCableYourWa
y
EKM

148

$0.81

$120

2

$190.00

$380

EKM

3

$15.00

$45

EKM

2

$50.00

$100

Solaris

2

$260.85

$522

Solar
Modules
DC
Disconnect
Cable
Limiters
AC
Disconnect
AC
Disconnect
Fuses
Conductor
Production
Meter
Solid-core
CT x 2
CT
Enclosure
Irradiance
Sensor

Universal
OmniMeter II
UL v.3, 120 to
240
200A, BCT013-200
Watertight
enclosure - UL
listed
SE1000-SENIRR-S1, IP65
protection

Vendor

Quantity

Price

Total:
ROI:
ROI with 30% tax
credit:

$37,282.3
9.73
6.81
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CHAPTER 6 – CONCLUSION
The electrical system of the building was analyzed, and the PV system designed. The
design process showed how important is to refer to the applicable standards to ensure safety. The
expected return on investment time is 6.81 years with the 30% federal tax credit. However, this
calculation does not account for installation expenses and soft costs. A contractor may provide a
quote on any extra cost. Since the PV system is expected to perform well up to 25 years, the
system would be feasible for the intended purposes.
If the City of Fayetteville decided to move forward with the project, another site survey
would need to be conducted and the design could be optimized to reduce costs. Moreover, the
City of Fayetteville would need to consult with a structural engineer to make sure the building
would be able to support all the equipment.
As shown in Chapter 3, the PV module efficiency is heavily dependent on the
temperature and the irradiance. Since manufacturers do not usually include all the characteristic
curves in their datasheets, the MATLAB code developed provides an opportunity to model the
behavior of any PV module under different conditions using information from the datasheet.
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APPENDIX A – SOLAR MODULE CHARACTERISTIC CURVES
Constants
q = 1.6021764e-19;

%Electron charge [C]

k = 1.3806503e-23;

%Boltzman [J/K]

a = 1.3;

%diode constant

Eg = 1.1;

%Bandgap of Si-Poly

% Information from datasheet
Imp = 8.83;

%Array current at maximum power point [A]

Vmp = 37.4;

%Array voltage at maximum output peek power [V]

Pmax_e = 330;

%Array maximum output peak power [W]

Ns = 72;

%Number of series cells

Tr = 273+25;

%Reference Temperature

Iscn = 9.28;

%Short Circuit Current at Tr

Vocn = 45.8;

%Open Circuit Voltage at Tr

V =0:.01:50;

%Pv cell voltage

G =1:-.2:.2;

%Solar Irradiance

Gn = 1;

%Nominal Solar Irradiance

T1=273+25;

%25 C

Isc1 = 9.28;
Voc1 = 45.8/Ns;
Vt1=k*T1/q;

%Thermal Voltage at T1

T2=273+55;

%55 C

Isc2 = 9.42;
Voc2 = 40.9/Ns;
IpvT=zeros(size(V));

%Pv cell current initialization (Temperature)
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PpvT=zeros(size(V));

%Pv cell power initialization (Temperature)

IpvG=zeros(size(V));

%Pv cell current initialization (Irradiance)

PpvG=zeros(size(V));

%Pv cell power initialization (Irradiance)

z = log(1-Imp/Iscn)+Imp/(Iscn-Imp);
Rs1 = Vmp/Imp - ((2*Vmp - Vocn)/(Iscn-Imp))/z;

%Rs of pv module

Rs = Rs1/Ns;

%Rs per pv cell

% Temperature
TC = 25:10:65;
for n=1:1:size(TC,2)
for i=1:1:size(V,2)
TK = 273 + TC(n);
Vt_ref=a*k*TK/q;

%Thermal Voltage at TK

Ipv_T= Isc1*(1+((Isc2-Isc1)/Isc1*1/(T2-T1))*(TK-T1));

%Eq. (7), Ipv ~ Isc

Irs=Iscn/(exp((Vocn/Ns)/(a*Vt1))-1);

%Reverse Saturation Current

Io=Irs*(T1/TK).^(3).*exp(-(Eg*q/(a*k)).*(1./TK-1/T1));

%Module Saturantion Current

V_=V(i)/Ns;
I_=zeros(size(V_));
I = I_;
for j=1:1:100
g =(Ipv_T-I-Io*(exp((V_+I*Rs)/Vt_ref)-1));
glin = (-1-Io*(exp((V_+I*Rs)/Vt_ref)-1).*Rs/Vt_ref);
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I_= I - g ./ glin;

%Solve with Newton-Raphson

I = I_;
end
IpvT(n,i)=I;
PpvT(n,i)=V(i)*IpvT(n,i);
end
end
%Irradiance
Irs=Iscn/(exp((Vocn/Ns)/(a*Vt1))-1);

%Reverse Saturation Current

Io=Irs*(T1/Tr).^(3).*exp(-(Eg*q/(a*k)).*(1./Tr-1/T1));

%Module Saturation Current

for s=1:1:size(G,2)
for i=1:1:size(V,2)
Ipv_1=Isc1*G(s);
Ipv_= Ipv_1*(1+((Isc2-Isc1)/Isc1*1/(T2-T1))*(Tr-T1));

%Eq. (7)

Vt_ref=a*k*Tr/q;

%Thermal Voltage at Tr

V_=V(i)/Ns;
I_=zeros(size(V_));
I = I_;
for j=1:1:10
g =(Ipv_-I-Io*(exp((V_+I*Rs)/Vt_ref)-1));
glin = (-1-Io*(exp((V_+I*Rs)/Vt_ref)-1).*Rs/Vt_ref);
I_= I - g ./ glin;
I = I_;
end

%Solve with Newton-Raphson

32

IpvG(s,i)=I;
PpvG(s,i)=V(i)*IpvG(s,i);
end
end
%%
%Temperature Graphs
axes1 = axes('Parent',figure,'OuterPosition',[0 0.5 1 0.5]);
xlim(axes1,[0 50]);
ylim(axes1,[0 10]);
box(axes1,'on');
grid(axes1,'on');
hold(axes1,'all');
title('I-V Characteristics of PV Module (330W)');
xlabel('V_p_v (V)');
ylabel('I_p_v (A)');
plot1 = plot(V(1,:),IpvT(:,:),'Parent',axes1,'LineWidth',1.5);
set(plot1(1),'DisplayName','25°C');
set(plot1(2),'DisplayName','35°C');
set(plot1(3),'DisplayName','45°C');
set(plot1(4),'DisplayName','55°C');
set(plot1(5),'DisplayName','65°C');
axes2 = axes('OuterPosition',[0 0 1 0.5]);
xlim(axes2,[0 50]);
ylim(axes2,[0 350]);
box(axes2,'on');
grid(axes2,'on');
hold(axes2,'all');
title('P-V Characteristics of PV Module (330W)');
xlabel('V_p_v (V)');
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ylabel('P_p_v (W)');
plot2 = plot(V(1,:),PpvT(:,:),'Parent',axes2,'LineWidth',1.5);
set(plot2(1),'DisplayName','25°C');
set(plot2(2),'DisplayName','35°C');
set(plot2(3),'DisplayName','45°C');
set(plot2(4),'DisplayName','55°C');
set(plot2(5),'DisplayName','65°C');
legend1 = legend(axes2,'show');
legend2 = legend(axes1,'show');
%Irradiance Graphs
axes3 = axes('Parent',figure,'OuterPosition',[0 0.5 1 0.5]);
xlim(axes3,[0 50]);
ylim(axes3,[0 10]);
box(axes3,'on');
grid(axes3,'on');
hold(axes3,'all');
title('I-V Characteristics of PV Module (330W)');
xlabel('V_p_v (V)');
ylabel('I_p_v (A)');
plot3 = plot(V(1,:),IpvG(:,:),'Parent',axes3,'LineWidth',1.5);
set(plot3(1),'DisplayName','1000 W/m^2');
set(plot3(2),'DisplayName','800 W/m^2');
set(plot3(3),'DisplayName','600 W/m^2');
set(plot3(4),'DisplayName','400 W/m^2');
set(plot3(5),'DisplayName','200 W/m^2');
axes4 = axes('OuterPosition',[0 0 1 0.5]);
xlim(axes4,[0 50]);
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ylim(axes4,[0 350]);
box(axes4,'on');
grid(axes4,'on');
hold(axes4,'all');
title('P-V Characteristics of PV Module (330W)');
xlabel('V_p_v (V)');
ylabel('P_p_v (W)');
plot4 = plot(V(1,:),PpvG(:,:),'Parent',axes4,'LineWidth',1.5);
set(plot4(1),'DisplayName','1000 W/m^2');
set(plot4(2),'DisplayName','800 W/m^2');
set(plot4(3),'DisplayName','600 W/m^2');
set(plot4(4),'DisplayName','400 W/m^2');
set(plot4(5),'DisplayName','200 W/m^2');
legend1 = legend(axes3,'show');
legend2 = legend(axes4,'show');
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APPENDIX B – SOLAR PV SYSTEM
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APPENDIX C – BILL OF MATERIALS
TABLE 7. BILL OF MATERIALS
Component
Single-phase Inverter
Solar Modules
DC Disconnect
Cable Limiters
AC Disconnect
AC Disconnect Fuses
Conductor
Production Meter
Solid-core CT x 2
CT Enclosure
Irradiance Sensor

Description
Fronius Primo 15.0-1, 15000W
TSM-PD14, 330W Framed 72-Cell
DH163URKN HD Safety Switch
LFCL0003ZC1, 240V
DH223NRK, 240 V, 100 A
KTS-R-100, 240 V, 100 A
Encore Wire
Universal OmniMeter II UL v.3, 120 to 240 V
200A, BCT-013-200
Watertight enclosure - UL listed
SE1000-SEN-IRR-S1, IP65 protection

Component
Single-phase Inverter
Solar Modules
DC Disconnect
Cable Limiters

Vendor
Wholesale Solar
Trinasolar
SuperBreakers
Gordon Electric Supply
Westway Electric
Supply
Octopart
WireandCableYourWay
EKM
EKM
EKM
Solaris

AC Disconnect
AC Disconnect Fuses
Conductor
Production Meter
Solid-core CT x 2
CT Enclosure
Irradiance Sensor

Expected
Quantity
2
90
2
6

Manufacturer
Fronius
Trinasolar
Eaton
Littelfuse
Eaton
Bussman
Wholesale Solar
EKM
EKM
EKM
Solaredge

Expected
Price
$3,545.00
$275.00
$553.20
$241.00

Total Item
Cost
$7,090.00
$24,750
$1,106
$1,446

$408.66
$151.00
$0.81
$190.00
$15.00
$50.00
$260.85

$817
$906
$120
$380
$45
$100
$522

2
6
148
2
3
2
2

Total:
ROI:

$37,282.30
9.73

ROI with 30% tax credit=

6.81
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Component
Single-phase Inverter
Solar Modules
DC Disconnect
Cable Limiters
AC Disconnect
AC Disconnect Fuses
Conductor
Production Meter
Solid-core CT x 2
CT Enclosure
Irradiance Sensor

Datasheet
https://www.fronius.com/~/downloads/Solar%20Energy/Datasheets/SE_DS_Fron
ius_Primo_EN_US.pdf
https://static.trinasolar.com/sites/default/files/EN_TSM_PD14_datasheet_B_201
7_web.pdf
https://www.platt.com/platt-electric-supply/Heavy-Duty-Fused-240-Volt-2Pole/Eaton/DH223NRK/product.aspx?zpid=10593
https://www.littelfuse.com/~/media/electrical/datasheets/fuses/speciality-powerfuses/littelfuse_cable_limiter_lfcl_datasheet.pdf
https://rexel-cdn.com/Products/Eaton/DH223NRK.pdf?i=FF8F5666-5C1C-4973ADDA-59FE6B36B0E4
https://octopart.com/kts-r-100-cooper+bussmann-12944586
https://www.wireandcableyourway.com/4-awg-thhn-building-wire.html
https://www.ekmmetering.com/collections/metering-packages/products/120240v-metering-package
https://www.ekmmetering.com/collections/metering-packages/products/120240v-metering-package
https://www.ekmmetering.com/collections/enclosure/products/watertightenclosure-with-hinged-and-latching-lid-ul-listed-5-32-x-7-28-x-3-35
https://www.solaris-shop.com/content/SE1000-SEN-IRR-S1%20Specs.pdf

